High-power light-curing units have emerged that reduce the time of procedures in dental clinical work. However, patients sometimes complain of pain during the polymerization of composite resin. In this experiment, we investigated how differences in light-curing mode affect the temperature rise during composite resin polymerization in vitro. Light-curing mode conditions were divided into four groups: 3 s in plasma mode (Plm3) and 5, 10, and 20 s in standard mode. The temperature curve under Plm3 exhibited a rapid increase during the first 3 s of light curing before reaching a maximum of around 55°C. In contrast, the temperature rose rapidly but less sharply for irradiation in each standard mode compared with Plm3. These results suggest that irradiation using a high-power mode increases the temperature at an excessively high rate, and this may raise concern about side effects on the pulp.
INTRODUCTION
Clinical use of composite resins has become indispensable in dentistry because of their excellent esthetics. However, there are also physiological disadvantages that are a central concern for clinical applications. Heat released during the polymerization reaction could injure the pulpal system [1] [2] [3] [4] , which is one of the potential adverse effects of composite resins. Although the amount of filling of composite is relatively small, the heat release might not be negligible. In recent years, light-curing units that employ high power for quick curing have emerged, which reduce the time of procedures in dental clinical work [5] [6] [7] . It is well known that polymerization of composite resins is initiated by the formation of camphorquinone (CQ) radical and involves breaking of the C=C double bond in the resin matrix and curing by radical polymerization [8] [9] [10] . Polymerization by radical addition is the fastest chemical polymerization reaction. Since the polymerization reaction involved in curing composite resin is an exothermic reaction [11] [12] [13] [14] [15] , it is conceivable that the temperature rises easily during polymerization.
In clinical dental treatment, patients sometimes complain of pain during the polymerization of composite resin even if the cavity is small, and it is becoming more common to directly apply composite resin in close proximity to dentin pulp from the viewpoint of minimal intervention [16] [17] [18] . When a high-power irradiation mode is used, it is expected that the amount of heat generated by light-curing units will also increase. The effect of heat on the pulp is thus becoming a more serious problem. The hypothesis of this study was that when a composite resin is cured using a high-power mode, there is a potential risk that the ultimate temperature may cause pulp irritation. To examine this hypothesis, this experimental study investigated how differences in light-curing mode affect the temperature rise during composite resin polymerization.
MATERIALS AND METHODS

Composite resin and light-curing modes for temperature measurement
A flowable composite resin (UniFil Flow, GC, Tokyo, Japan) containing CQ photoinitiator, which has an absorption peak at 470 nm, was prepared. The UniFil Flow was irradiated using a LED curing light device (VALO, Ultradent Products, South Jordan, UT, USA), which provides wavelengths in the range of 395 to 480 nm to fit the absorption spectra of CQ. These experiments were carried out by first measuring the heat release characteristics of four curing modes without composite resin (Control 1), and then by measuring the temperature change during a period of light curing of a composite resin specimen (Experimental). Finally, the polymerized specimens were irradiated again and the temperature change was measured (Control 2). Light-curing mode conditions were divided into four groups: 3 s in plasma mode (Plm3) and 5, 10, and 20 s in standard mode (Std5, Std10, and Std20, respectively). The experimental groups and light-curing mode conditions are summarized in Table 1 . The experimental procedure was performed in the order of Control 1, Experimental, and the Control 2, with the specimens from the Experimental group being used in the Control 2 group.
Temperature measurement system
Thermal changes in the light-curing composite resin during the period of the polymerization reaction were Schematic drawing of the apparatus used to measure temperature changes during composite resin polymerization. The measurement site of the thermocouple was placed on the opposite side of the light-curing unit and put into contact with the surface of the filled composite resin. The height of the measurement site of the thermocouple was moved by adjusting a three-dimensional linear translation stage in the Z-axis direction. measured using a thermocouple. A schematic of the measurement system is shown in Fig. 1 . The temperature was measured using a type K thermocouple (chromel-alumel). The thermocouple measurement sites were arc-welded to be as small as possible. The measurement site was calibrated over the range of 0 to 95°C. The procedure was repeated to obtain the calibration coefficient. The minimum thermocouple resolution was 0.05°C.
A microcontroller board (Arduino, Italy) was connected between the thermocouple and a Macintosh computer. The electrical output signal from the thermocouple were collected once per second. Figure 2 shows a schematic illustration of the measurement setup. Light-activated composite was filled into a cylindrical white Teflon mold with an external diameter of 8.0 mm, an inner diameter of 5.0 mm, and a depth of 1.0 mm. A cover glass with a thickness of 0.16 mm (NEO micro cover glass, Matsunami Glass Industrial, Osaka, Japan) was placed on the bottom of the Teflon mold. Composite resin was carefully packed into the Teflon mold. Before polymerization of the composite resin, a thermocouple measuring site was positioned at the center of the uncovered surface of the composite resin by using a three-dimensional linear movement stage.
After mounting in the holding assembly, the composite resins were cured by the various light irradiation modes (Experimental). Data were recorded for 2 min. The maximum temperature rise was determined from the temperature data. Temperature changes during the exposure were due to both heat from the exothermic polymerization reaction and heat generated by irradiation. During the subsequent exposure (Control 2), however, the polymerization had already almost reached completion, and the observed temperature change was predominantly due to the heat of irradiation. The room temperature was constantly controlled at 23±1°C at a relative humidity of 45±5%. Five measurements were carried out in each of the four light-curing modes. Means and standard deviations of the maximum temperature were calculated for each irradiation mode. Multiple comparisons between groups were made using the Tukey-Kramer test.
Depth of cure
Depth of cure was measured according to ISO 4049 19) . UniFil Flow was packed into black plastic molds with an internal diameter of 5.0 mm and a depth of 10 mm. A cover glass was placed under the bottom of the mold to hold each specimen. The specimens were activated using the four light-curing modes of Plm3, Std5, Std10, and Std20. The non-polymerized soft portion of the composite resin was scraped away using a plastic spatula. The length of the remaining material was measured with calipers an accuracy of ±0.01 mm (N15, Mitsutoyo, Kanagawa, Japan) at three places and the average length was obtained. Three measurements were carried out in each of the four light-curing modes. Average values and standard deviations were calculated for the depth of cure. Multiple comparisons between groups were made using the Tukey-Kramer test.
SEM observation and elemental analysis of the composite resin
One specimen was randomly selected for SEM image observation. The cured specimen was embedded in epoxy resin (EpoFix Resin, Struers, Ballerup, Denmark) and a cross-section was polished using abrasive paper of grain size P280. The sectioned surface was polished using wet abrasive paper (up to P5000) and then polished using 5, 1, and 0.3 µm alumina polishing compounds. The specimen was rinsed with water and ultrasonicated in 100% ethanol for 5 min three times and air-dried with an aspirator for 30 min. Surfaces of all specimens were sputter-coated with carbon to provide electrical conductivity. Elemental analysis was performed using a field-emission electron probe micro analyzer (JXA-8530FA, JEOL, Tokyo, Japan). The probe was operated at an accelerating voltage of 10 kV and a probe current of 50 nA. Micrographs with a magnification of 400×, 1,000×, and 5,000× were recorded.
RESULTS
Temperature change by curing light alone (Control 1)
Profiles of the temperature changes under the four light irradiation modes are shown in Fig. 3 . The temperaturetime curves for the standard mode specimens all exhibited the same tendency. That is, the temperature rose by the same amount over the first 5 s, and then plateaued until the end of the light-curing period, reaching the maximum value at the end of irradiation. In contrast, the temperature change with Plm3 exhibited a steep rise compared with the standard modes. Table 2 shows the average and standard deviation of the maximum temperature measured under the various curing modes. Significant differences in maximum temperature were observed among the different curing modes (p<0.05).
Temperature rise in composite resins (Experimental)
Typical curves of irradiation temperature change (Experimental) with respect to time are shown in Fig.  4 . The temperature curve under Plm3 exhibited a rapid increase during the first 3 s of light curing before reaching a maximum of around 55°C and then exponentially decreasing. The temperature curves for the standard modes exhibited patterns similar to but slightly different from that of Plm3. The temperature first rose rapidly, but less sharply than for Plm3 over around the first 6 s. The temperature reached a maximum of around 47°C for Std5 and around 52°C for Std10 and Std20. Whereas the temperature reached a steady-state plateau during the end of irradiation of Std10, the curve for Std20 slightly decreased to a value of around 45°C during the next 10 s (end of irradiation). There were statistically significant differences in mean maximum temperature among Plm3, Std5, and Std10. No significant difference in mean temperature rise was observed between Std10 and Std20 (Table 2) .
Temperature change of cured composite resins (Control 2)
Profiles of temperature change of 1-mm-deep specimens under the four light irradiation modes are shown in Fig.  5 . Unlike the shapes of the curves for curing light alone, the curves for irradiation of cured specimens exhibited a temperature that started to rise about 1 s after irradiation. The temperature continuously increased until the end of the irradiation period under each lightcuring mode. The mean maximum temperature of all light-curing modes was lower than that of Control 1 ( Table 2 ). The mean maximum temperature for Plm3 was the same as that for Std10.
Depth of cure
The results of the depth of cure are shown in Fig. 6 . There was a significant difference among all irradiation modes (p<0.05). The depth of cure became deeper as the irradiation time increased in standard mode. Plm3 tended to have a shallower depth of cure than all standard modes.
SEM observation and elemental analysis of the composite resin
Arbitrary cross-sectional images of composite resin are shown in Fig. 7 . It is clear that there are no air bubbles in Fig. 7(A) , and the specimen consisted of a uniform structure. In Figs. 7 (B and C), these specimens were found to have two kinds of fine structures of 1 µm or less by observation at high magnification. One was spherical filler, and the other was randomly shaped filler. The random structure had a higher atomic number than the spherical structure. The elemental analysis image of silicon and aluminum in Figs. 7 (D and E) indicates that the spherical structure was an inorganic-organic composite filler containing silicon, and the randomly shaped structure was inorganic filler mainly containing aluminum.
DISCUSSION
Dentin has low thermal conductivity and acts as a thermal barrier against excessive heat coming from outside to protect the pulp. Hence, in the case of deeper preparations, potential pulp injury by the heat of polymerization might not be negligible. Hussey et al. 13) have reported that the pulp might be put at risk by the increased temperature that occurs during resin composite polymerization in vivo. Zach and Cohen 1) showed that 15% of the teeth were irreversibly damaged when exposed to intrapulpal temperature rise of 5.5°C from 37°C. In two previous in vitro studies investigating heat generation during light curing of composite resin and heat transfer through a dentin layer, the temperature rise in the pulp chamber was approximately 4 to 5°C, suggesting that the potential for thermal injury to the pulp was minimal 20, 21) . However, it is common in clinical practice to apply composite resin in close proximity to dentin pulp, and it is therefore important to know the actual temperature rise.
The graphs obtained in this study represent the balance between heat generation and heat diffusion. The heat generation factors during polymerization of composite resin include heat energy from the curing light and heat generated during polymerization of the monomers contained in the composite resin. On the other hand, heat diffusion occurs when heat is transferred to the experimental circumstances via the composite resin, mold, and the thermocouple. The details of each of these are explained below.
Heat energy from the light source and temperature rise
The light-curing unit used in this study has an output power of 3,200 mW•cm −2 in plasma mode and 1,000 mW•cm −2 in standard mode according to the manufacturer. Therefore, the cumulative heat energy (J) from the light source during 3 s of plasma mode irradiation is expressed as 3,200 mW•cm −2 ×3 s=9.6 J•cm −2 . In each of the standard modes, the cumulative heat energy is 1,000 mW•cm ). Subsequently, the gradient decreased in standard mode. Also, the maximum temperature remained lower for Std20 than for Plm3. The presumed reason why the gradient became gentle is that the heat transfer coefficient due to light irradiation was balanced with the thermal diffusivity. However, in this experiment, it is difficult to measure the shape of the light-curing unit tip and the specific heat of the material, and also difficult to measure the thermal diffusivity under cooling by natural convection in the air of the experimental environment. As a result, the value of the temperature gradients for the descending area could not be predicted. Nevertheless, the temperature rise in the pulp is suspected to be higher in plasma mode than in standard mode even when the amount of energy input is almost the same. This is because the energy is input at a higher rate over a shorter duration.
Temperature rise by heat of polymerization
The π bond of the C=C bond in the methacryloyloxy group of the monomer is broken by a radical, resulting in the formation of single bond and the polymerization of the monomers via a chain reaction. The polymerization reaction is exothermic and generates heat due to the higher amount of energy contained in the double bound (636 kJ•mol −1 ) than in the single bond (386 kJ•mol −1 ). CQ in the composite resin functions as a radical initiator and the amount of CQ converted into the active initiator depends on the power per unit time 22) . According to Fig. 4 , all standard mode curves showed similar temperature rise profiles in the early phase, the temperature increased gently compared to the plasma mode. Relative to the three types of standard mode, the curve becomes wider as the irradiation time becomes longer. These temperature curves appeared as results of the two exothermal factors that were polymerization and irradiation from curing light, as mentioned as in chapter of the experimental procedure. Therefore, to subtract curves of Control 2 (Fig. 5 ) from those of Experimental (Fig. 4) means the net value of exothermal reaction derived from polymerizing chain reaction. These curves are demonstrated in Fig. 8 . Three curves, Std10, 20 and Plm3, were indicated nearly the same shape and peak level of temperature rising curve. That is, it was noticed that heat generation due to polymerization was almost the same, regardless of the difference in irradiation mode. However, it was suggested that the amount of light irradiation is scarce for Std5, that is, unreacted double bond was predicted to remain in the specimen. Besides, the temperature continued to rise even after the end of light irradiation in Plm3 and Std5 (Fig. 4) , suggesting that the polymerization reaction continued even after the light irradiation was stopped. This phenomenon was verified by the prolonged temperature rise when 2-and 4-mm-deep specimens with a larger amount of specimen were cured in plasma mode (Fig. 9) . In other words, the radical polymerization appeared to have continued because the reaction proceeds even in the dark after the Each measurement consists of three runs at the same scanning rate. The curve of the blank run was obtained by using empty aluminum pans as the specimen and reference holders (gray line), the curve of the calibration run was obtained by using α-Al2O3 (23.7 mg) in the specimen holder and an empty aluminum pan in the reference holder (red line), and the curve of the specimen run was obtained by using specimen (87.6 mg) in the specimen holder and an empty pan in the reference holder (blue line). Each specimen was heated in the DSC instrument at 5 K•min −1 . end of light irradiation 23) .
Heat diffusion
A temperature drop occurs due to heat diffusion because the abovementioned heat generation phenomena are in thermal equilibrium with the ambient temperature. The heat diffusion is related to ambient environment and the thermal conductivities of the individual materials used. The thermal conductivity of the flowable resin used in this study was around 0.3 W•m −1 •K −1 , as reported by Wong and Bollampally 24) . Although various fillers have been used in composite resins in recent years, the thermal conductivity of composite resin is at most around 2 W•m 24) . The temperature rise due to light irradiation or polymerization is transmitted more readily when the thermal conductivity is higher, and thermal injury to the pulp is a concern. In other words, it is important to consider the effect of sudden thermal changes when using composite resins containing materials with high thermal conductivity as the filler (e.g., silica-coated aluminum nitride: 220
. In contrast, silica, which is commonly used as a filler in composite resin, has relatively low thermal conductivity of 1.38 to 8.0
The main component of all filler in the present composite resin was silica, as determined from elemental analysis results (Table 3) , and it is expected to have thermal conductivity near the reference value 24) . The thermal conductivity of the type K thermocouple used for temperature measurements is around 400
, which is the highest value among the materials used in this study. The amount of heat (Q) passing through the chromel-alumel wire was calculated using Eq. (1), and the radiation conductance (Gr) was calculated using Eq. (2).
Q=Gr(T c−Ta)
(1)
where Gr is radiation conductance (m 2 ), Tc is measured temperature (K), Ta is ambient temperature (K), A is surface area of the thermocouple (m 2 ), and ε is emissivity (wavelength of the chromel-alumel thermocouple is 0.65 µm).
The result was 1.35×10 −4 W, a level that can be ignored. However, it is conceivable that the effect of heat diffusion from the thermocouple can be further reduced to enable more accurate measurement by using a finer diameter thermocouple. The presence of the thermocouple provides a path for heat to escape, suggesting that the amount of heat that is actually transmitted into the pulp is even larger than the experimental results.
The graphs obtained when composite resin was polymerized in each light irradiation mode are considered to reflect the combination of the above factors. Here, the specific heat capacity of the cured composite resin was measured using a differential scanning calorimeter (DSC8270, Rigaku, Tokyo, Japan) in order to calculate the total amount of heat from the time and temperature rise of polymerization of specimens 25) . The specific heat capacity of the specimen (cp sp ) was calculated with reference to the results in Fig. 10 where P is heat flow rate (mW), m is mass of materials (mg), and c p cal is specific heat capacity (J•g −1 •K −1 ) of α-Al2O3 at 80°C (0.876); superscripts sp and cal represent the specimen and calibration material (Al2O3).
The specific heat capacity of the specimen used in this study was 1.082 J•g −1 •K −1 . The temperature rise was converted into heat (Qsp) by assigning a value to the specific heat capacity of the specimen in Eq. (4) below.
where c p sp is the specific heat capacity of specimen (J•g −1 •K −1 ) and m sp is the mass of the specimen (mg). The graph obtained by the conversion is shown in Fig. 11 . The total heat involved in the polymerization (Q polymerizing reaction) (the shaded area in Fig. 11 ) can be considered as in Eq. (5) below.
Q polymerizing reaction=∫0
120 {v(x)−w(x)}dx (5) where v(x) is a function obtained from Experimental and w(x) is a function obtained from Control 2.
Since calculating the total heat by finding and integrating the derivative functions of v(x) and w(x) is difficult, approximate values were obtained by using quadrature by parts. In other words, the amount of heat per unit time (1 s) was obtained from the measured value, and the total amount of heat involved in the polymerization was estimated from the total sum of the difference in heat between Experimental and Control 2.
Q (Fig. 12) .
Regarding the polymerization behavior of composite resin, Ottaviani et al. 22) reported that the amount of radicals generated increases linearly from the start of light irradiation up to around 20 s, at which time only around 50% of the radicals are generated by light irradiation, and it takes around 100 s to reach around 100%. A possible reason for this is that the polymerization chain reaction is difficult to extend because a low (tri) methacrylate content is used in the composite resin, and also because monomer mobility is limited. The results of this study also showed that the chain reaction proceeds slowly from the early initiators due to high power, and as a result the polymerization depth deepens with increasing irradiation time.
The temperature rise clearly triggers a larger amount of the initial polymerization reaction in plasma mode compared with standard mode, resulting in a more rapid temperature rise in a shorter period of time. The polymerization depth was shallower in Plm3 than in Std10, which produces the same amount of energy as Plm3. In other words, even when the same amount of total energy is applied, more initiators involved in curing are generated by applying low energy over a long time than by applying high energy over a short time. Furthermore, when the thermal behavior is considered, Std10 and Std20 reach the maximum temperature before the end of light irradiation (Fig. 4) . Thereafter, the heat diffusion becomes larger than the heat generation from the light source and during the polymerization reaction, and therefore, the effect of heat on the pulp is expected to be kept lower.
Regarding susceptibility of the pulp tissue to thermal injury, Zach and Cohen 1) reported that when the pulp cavity internal temperature was increased (by 20°F) to near 47°C for 2 min, an inflammatory reaction was observed initially in the pulp tissue but the tissue recovered to the normal state after 14 days. However, when the pulp cavity internal temperature was increased (by 30°F) to around 53°C, irreversible tissue damage was found. However, Trowbridge et al. 26) reported that a sensory response is elicited by external temperature stimulation before a change in temperature occurs in the region of the sensory structures. More specifically, a temperature change in dentin is capable of exciting the sensory structures. This phenomenon suggests that external heat stimulation affects the pulp even when the actual temperature of the pulp does not change. Furthermore, Ahn et al. 27) reported that the threshold for heat stimulation was lower in the pulp tissue exposed to heat stimulation than in the tissue that had not, suggesting that care should be taken when applying composite resin at sites near pulp to ensure that the maximum temperature is kept low. Also, the maximum temperature of 53°C obtained in Plm3 indicates that there is a risk of irreversible tissue injury and that the use of modes with excessively high power should therefore be avoided. These findings support the hypothesis that when the composite resin is cured using a high-power mode, there is a potential risk that the ultimate temperature may cause pulp irritation.
In this study, heat generation was measured from composite resin containing dimethacrylate as the main component. Heat generation during the polymerization should be carefully monitored when using methyl methacrylate (MMA)-based resins that contain monomethacrylate as the main component, because the polymerization chain reaction is difficult to stop and it is inevitable to use a large amount of MMAbased resins due to its having a single functional group, possibly increasing the heat of polymerization compared with that during polymerization of composite resins containing dimethacrylate. In fact, thermal injury to the surrounding tissue is a concern when MMA-ethyl methacrylate (EMA) is used as bone cement in clinical settings 28, 29) . In current dental practice, where minimal intervention is advocated, it is important to know the thermal behavior of materials that come into contact with soft tissue that has high heat susceptibility, such as pulp. In particular, effects such as those of polymerization behavior and the thermal conductivity of materials such as filler are considered to be large, and the findings of this research are expected to be useful as a reference in resin heat generation experiments.
